
Research

The Differential Role of Premotor Frontal Cortex
and Basal Ganglia in Motor Sequence Learning:
Evidence From Focal Basal Ganglia Lesions
Cornelia Exner,1,3 Janka Koschack,2 and Eva Irle2

1Department of Clinical Psychology and Psychotherapy, University of Marburg, 35032 Marburg, Germany; 2Department of Psychiatry
and Psychotherapy, University of Göttingen, 37075 Göttingen, Germany

There has been a growing interest in the differential role of various neural structures in implicit learning
processes. The goal of our study was to clarify how focal lesions restricted to the basal ganglia interfere with
different aspects of implicit visuo-motor sequence learning. A version of the Serial Reaction Time Task (SRTT)
of Nissen and Bullemer using a 12-trial sequence was administered. A total of 20 subjects with focal basal
ganglia lesions caused by ischemic or hemorrhagic infarction and 20 matched control subjects participated in
this study. The results indicate that subjects with focal basal ganglia lesions showed unimpaired implicit
learning of a 12-item motor sequence. Subjects with basal ganglia lesions, however, had more difficulties
improving their general proficiency with the reaction-time task independent of sequence-specific learning. We
observed a tendency toward smaller regional volumes in the cerebellum and left pre-supplementary motor
area (pre-SMA) of subjects with basal ganglia lesions. Smaller cerebellar and pre-SMA volumes were related to
lower implicit learning performance in the lesion group. The size of lesions in the basal ganglia was not
related to sequence-specific implicit learning but had a significant influence on subjects’ general proficiency
for execution of the reaction-time task. We propose that implicit learning is achieved by a distributed
network of cortical and subcortical structures. The basal ganglia seem to be responsible for adjusting to the
general requirements of a task rather than for learning specific associations between stimuli that might be
accomplished by premotor frontal areas and the cerebellum instead.

The process of successive adaptation of behavioral re-
sponses to contingencies in environmental stimuli has been
called habit learning with respect to animal studies (Mishkin
et al. 1984) and is thought to be mediated by a neural net-
work comprising the basal ganglia, the frontal cortex, and
the cerebellum. In humans this form of learning has been
considered one among many forms of nondeclarative or
implicit learning and has been contrasted to another form of
learning that relies on the integrity of medial temporal lobe
and diencephalic structures and is able to form conscious
(declarative) associations between stimuli (Squire 1987).

The empirical evidence so far based on studies with
brain-damaged subjects supports a role of the basal ganglia,
the cerebellum, and the frontal cortex in the implicit acqui-
sition of motor sequences. Most studies have focused on
motor skill learning mainly by use of the Serial Reaction
Time Task (SRTT) established by Nissen and Bullemer
(1987). Subjects with degenerative basal ganglia diseases
such as Parkinson’s disease (PD; Ferraro et al. 1993; Pascual-
Leone et al. 1993; Jackson et al. 1995; Doyon et al. 1997)
and Huntington’s disease (HD; Knopman and Nissen 1991)

have been shown to be impaired on this implicit learning
task. Subjects in later stages of PD, with bilateral involve-
ment, or subjects with additional frontal type deficits were
the most affected (Jackson et al. 1995; Doyon et al. 1997).
However, there are also reports of preserved implicit learn-
ing of PD subjects in the SRTT (Smith et al. 2001). Even in
those investigations that demonstrated less implicit learning
in PD or HD subjects than in normal controls, basal ganglia
subjects still showed a substantial decrease in reaction times
in response to a repeating sequence and a slowing of re-
sponses when a random block was introduced. Thus, de-
spite the disabling motor symptoms that accompany these
diseases, subjects still demonstrated considerable proce-
dural learning, although to a lesser extent than normal con-
trols.

The interpretation of the findings mentioned above is
problematic because the neuropathological changes and re-
sulting symptoms in both Parkinson’s and Huntington’s dis-
ease are not restricted to the basal ganglia. Both diseases are
frequently associated with structural and metabolic dys-
functions in frontal areas (Quinn et al. 1986; Aylward et al.
1998), which may themselves play a critical role in implicit
learning, as has been demonstrated by studies in subjects
with frontal lobe lesions (Jackson et al. 1995; Pascual-Leone
et al. 1995, 1996; Ackermann et al. 1996; Gomez Beldarrain
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et al. 1999). In functional imaging studies the primary motor
and supplementary motor areas have been the structures
most consistently shown to be activated when subjects
learn to perform a sequential motor task (Grafton et al.
1995, 1998; Hazeltine et al. 1997).

In addition to the basal ganglia and the frontal cortex,
the cerebellum has been proposed to form an important
part of the neural network that supports the acquisition of
new skills, especially motor skills. Several investigations
have demonstrated reduced learning of motor sequences on
the SRTT in subjects with degenerative or focal cerebellar
lesions (Pascual-Leone et al. 1993; Doyon et al. 1997; Moli-
nari et al. 1997; Gomez Beldarrain et al. 1998).

Although various subcortical, cortical, and cerebellar
structures are involved in motor learning, their contribu-
tions to the learning processes might be different. This re-
search is an effort to specify the role of the basal ganglia in
motor sequence learning.

In the present investigation, 20 subjects with focal le-
sions in the basal ganglia (see Tables 1 and 2 for details; Fig.
1 for an example) were compared with a healthy control
group (n = 20) on a modified version of the SRTT by Nissen
and Bullemer (1987). The goals of our study were (1) to
verify whether focal lesions restricted to the basal ganglia
are able to interrupt implicit leaning of a visuo-motor se-
quence, (2) to establish which aspects of the implicit learn-
ing process are compromised by basal ganglia lesions, and
(3) to analyze whether clinical characteristics such as size or
lateralization of lesions and volume of different brain re-
gions have an influence on implicit learning. We hypoth-
esized that structural abnormalities or size of the supple-
mentary motor cortex and the cerebellum, as well as basal

ganglia lesion size would be related to deficits in implicit
motor learning of subjects with basal ganglia lesions.

RESULTS

Anatomical Results
Absolute volume means for total brain and regional volumes
can be seen from Table 3. The total brain volume was sig-
nificantly larger in subjects with basal ganglia lesions
(P = 0.029). All further analyses of regional volume differ-
ences were therefore adjusted for total brain volume. In the
ANCOVA (analysis of covariance) model the regional differ-
ences between basal ganglia subjects and controls with re-
gard to cerebellum and the left pre-SMA (pre-supplementary
motor area) approached but did not quite reach conven-
tional levels of significance (P < 0.1). There were no vol-
ume differences between groups for the right pre-SMA and
the left and right SMA-proper (see Fig. 2 for parcellation).

Behavioral Results: Serial Reaction Time
Task (SRTT)

Comparison of Basal Ganglia Subjects and Controls
The difference between the last sequence block 5 and the
random block 6 was seen as the dependent variable for
sequence-specific implicit learning. A nonparametric 2
(GROUP) × 2 (BLOCK) analysis comparing the basal ganglia
group and the control group with repeated measures yield-
ed a significant effect of BLOCK (B(1) = 19.25; P < 0.000).
The GROUP effect was not significant (B(1) = 1.79; P = 0.18).
There was no significant GROUP × BLOCK interaction
(B(1) = 0.35; P = 0.55). Hotelling tests for each group re-

Table 1. Sociodemographic and Clinical Characteristics of Subjects

Variablea

Group 1 (Basal ganglia) n = 20 Group 2 (Controls) n = 20 Analysis Sig.

M SD M SD t-Test/�2 P

Age (years) 53 11 52 9 t[38] = 0.31 0.757
Education (years) 12 2 13 2 t[38] = −1.25 0.219
WAIS-R: Full–scale IQ 100 18 111 18 t[38] = −1.95 0.059
Sex (female:male) 3:17 5:15 �2[1] = 1.57 0.21
Stroke symptom onset (months) 24 14
Lesion size (mL) 1.5 1.9
Etiology of lesion (ischemia: hemorrhage) 15:5
Laterality of lesion (right:left:bilateral) 9:9:2
Motor abnormalitiesb (none:mild:moderate) 13:3:4
Incoordinationc (none:mild:moderate) 14:3:3

aTable values are given as mean (M) and standard deviation (SD) unless otherwise indicated.
bMild symptoms included mild facial or limb weakness and alternations of muscle bulk or tone. Moderate symptoms included residual
signs of hemiparesis.
cMild symptoms included dysdiadochokinesis, mild dysmetria, or mild abnormalities of stance and gait. Moderate symptoms included
moderate ataxia or dysmetria.
WAIS-R: Wechsler Adult Intelligence Scale-Revised. IQ estimates were derived from Information, Similarities, Picture Completion, and
Block Design Scores.
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vealed significant differences between the two blocks in the
basal ganglia group (mean reaction time difference: 28

msec; F(1,19) = 7.91; P = 0.011) and in the control group
(mean reaction time difference: 48 msec; F(1,19) = 16.66;
P = 0.001), demonstrating significant implicit learning in
both groups.

Second, we compared groups with regard to the dif-
ference between the two random blocks 1 and 6 (general
reaction-time improvement) reflecting generalized skill
learning that is due to a subject’s growing proficiency with
the requirements of the task independent of sequence-spe-
cific learning. A nonparametric 2 (GROUP) × 2 (BLOCK)
analysis comparing the basal ganglia group and the control
group with repeated measures between the two random
blocks 1 and 6 revealed a significant effect of BLOCK
(B(1) = 8.97; P = 0.003) but not GROUP (B(1) = 0.91;
P = 0.34). The GROUP × BLOCK interaction just missed the
conventional level of significance (B(1) = 3.06; P = 0.08).
Hotelling tests for each group revealed significant differ-
ences between the two blocks only in the control group
(mean reaction time difference: 29 msec; F(1,19) = 9.25;
P = 0.007). In the basal ganglia group no significant de-
crease of response latencies between block 1 and block
6 occurred (mean reaction time difference: 49 msec;
F(1,19) = 0.99; P = 0.33).

Figure 1 Magnetic resonance scan of subject no. 102 of the basal
ganglia group, showing an infarction involving parts of both the
caudate nucleus and the putamen.

Table 2. Lesion Characteristics and SRTT Performance in Subjects with Basal Ganglia Lesions

Subject
number

Lesion characteristics SRTT performance

Lesion side
Lesion

volume (mL)
Caudate
nucleus Putamen

Lacunar lesion
in BA 4 or 6

Implicit
learning

General reaction-
time improvement

130 Right 1.0 ++ ++ + −81 53
108b Right 0.4 0 + + −53 224
111 Right 5.4 + +++ + −33 −67
110 Left 0.5 ++ 0 + −12 184
107a,b Bilateral 0.9 0 ++/+ + −8 149
103 Right 0.4 0 + 0 9 198
101 Right 0.1 0 + 0 24 3
105 Right 0.5 + 0 + 26 32
106b Left 3.3 ++ +++ + 32 −100
131 Left 0.9 + ++ 0 38 52
102 Right 1.4 ++ + 0 40 13
137 Left 0.5 + + 0 50 19
120 Left 2.1 +++ +++ 0 52 −29
109 Right 0.2 0 + 0 55 139
140 Left 1.9 0 +++ 0 56 −55
116 Left 7.2 +++ +++ 0 57 −66
133a,b Bilateral 0.3 +/+ +/+ 0 63 −48
134 Left 1.5 + +++ 0 67 −94
121 Left 1.2 ++ ++ 0 75 3
118 Right 0.6 0 ++ 0 103 −33

BA = Brodmann area; SRTT = Serial Reaction Time Task; SMA = supplementary motor area; 0 = no lesion; + = small lesion; ++ =
moderately sized lesion; +++ = large lesion.
Implicit Learning: reaction time difference (ms) between blocks 6 and 5. General Reaction-Time Improvement: reaction time difference
(ms) between blocks 1 and 6.
aRight-sided lesion/left-sided lesion.
bMild diffuse cortical atrophy or moderately enlarged lateral ventricle.
Lesions of the caudate nucleus covered in most cases head and body of the caudate (subject nos. 130, 111, 105, 106, 102, 137, 120,
116, 133, and 134), but were restricted in three subjects (nos. 110, 131, and 121) to the head of the caudate.

Exner et al.

&L E A R N I N G M E M O R Y

www.learnmem.org

378



Explicit Knowledge
Using separate two-tailed t-tests the mean explicit knowl-
edge score of each group was compared with the random
level (M = 39.6, SD = 6.5). None of the groups scored sig-
nificantly above random level. Only one subject of the basal
ganglia group and three subjects of the control group
scored more than 1 SD above the mean of the random level,
indicating that these subjects possibly had acquired a sig-
nificant amount of explicit knowledge about the repeated

sequence. The amount of explicit knowledge of the se-
quence was, however, not significantly correlated to im-
plicit learning in the basal ganglia (r = 0.25; P = 0.30) or the
control group (r = 0.11; P = 0.66), indicating an indepen-
dence of implicit and explicit acquisition of the sequence.

To summarize (also see Fig. 3A), both the basal ganglia
group and the control group showed a decrease of response
latencies across blocks 1 to 5. When stimuli were again
presented in a random order, a significant increase of re-

Figure 2 (A) Schematic representation of lesion location in the subgroup of basal ganglia subjects (group 1A) with additional lesions in
frontal motor areas superimposed on a sagittal slice of a control subject and (B) sagittal slice of the same control subject showing segmented
volumes of the pre-SMA and SMA-proper; (Pre-SMA) plane A–plane B; (SMA-proper) plane B–plane C; (CC) corpus callosum; (PaCS)
paracentral sulcus; (PCS) medial part of the precentral sulcus.

Table 3. Brain Volume Measures of Subjects

Group 1
(Basal ganglia) n = 16a

Group 2
(Controls) n = 13b Analysis Sig.

M SE M SE t-Test/ANCOVA P

Total brain volume (mL) 1253 33 1128 45 t[27] = 2.31 0.029
Cerebellar volume (mL)c 117.4 1.8 122.4 2.1 F[1;26] = 3.09 0.091
Pre-SMA, leftc 10.5 0.4 11.7 0.5 F[1;26] = 3.13 0.089
Pre-SMA, rightc 11.3 0.6 11.4 0.7 F[1;26] = 0.02 0.895
SMA-proper, leftc 10.4 0.7 10.6 0.8 F[1;26] = 0.05 0.834
SMA-proper, rightc 10.4 0.7 12.1 0.8 F[1;26] = 2.63 0.117

(M) Mean, (SE) standard error of mean, (SMA) supplementary motor area, (ANCOVA) analysis of covariance with total brain volume as
a covariate.
aBrain volume measures were only available for 16 subjects of the basal ganglia group. Five of the seven subjects with additional lacunar
lesions in frontal motor areas (including supplementary motor area) (cf. Fig. 2A, Materials and Methods, Lesion Analysis and Lesion
Groups) are included in this group.
bBrain volume measures were only available for 13 subjects of the control group.
cMean values adjusted for total brain volume.
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sponse times in block 6 occurred in the basal ganglia and
the control group, demonstrating implicit learning of the
embedded sequence. Subjects with basal ganglia lesions re-
sponded slower than controls, but there were no significant
differences between groups in the amount of implicit learn-
ing in the SRTT. The basal ganglia group showed less gen-
eral reaction-time improvement than the control group, in-
dicated by a lack of significant reaction-time improvement
between the two random blocks 1 and 6. None of the two
study groups acquired explicit knowledge of the sequence
that exceeded chance level.

Comparison of Basal Ganglia Subjects With and Without
Frontal Lesions
A nonparametric 3 (GROUP) × 2 (BLOCK) analysis com-
paring subjects with additional frontal lesions (n = 7;
group 1A) to those without frontal lesions (n = 13; group
1B) and to control subjects (n = 20) across blocks 5 and
6 (implicit learning) yielded a significant effect of BLOCK

(B(1) = 27.59; P = 0.000) and a significant GROUP × BLOCK
interaction (B(1.38) = 12.49; P = 0.001). The effect of
GROUP just missed the conventional level of significance
(B(1.52) = 4.23; P = 0.076). Hotelling tests for the two basal
ganglia subgroups revealed significant differences between
the two blocks in the group of subjects without frontal
lesions (mean reaction time difference: 53.0 msec;
F(1,12) = 45.25; P = 0.000). Subjects with lacunar frontal le-
sions showed no slowing of response times when the ran-
dom block was introduced, demonstrating no significant
implicit learning of the sequence (see Fig. 3B; mean reac-
tion time difference: −18.4 msec; F(1,6) = 1.86; P = 0.22).

A nonparametric 3 (GROUP) × 2 (BLOCK) analysis
comparing groups 1A, 1B, and the control group between
the two random blocks 1 and 6 (general reaction-time im-
provement) yielded a significant effect of BLOCK
(B(1) = 6.95; P = 0.008). The GROUP effect just missed
the conventional level of significance (B(1.54) = 4.78;
P = 0.058), and the GROUP × BLOCK interaction was not
significant (B(1.95) = 2.98; P = 0.22). However, Hotelling
tests indicated that neither in basal ganglia subjects without
frontal lesions (mean reaction time difference: 7.8 msec;
F(1,12) = 0.08; P = 0.78) nor in those with frontal lesions
(mean reaction time difference: 67.9 msec; F(1,6) = 1.84;
P = 0.22) did a significant decrease of response latencies
between blocks 1 and block 6 occur (see Fig. 3B).

Influence of Lateralization of Basal Ganglia Lesions
No significant differences emerged between subjects with
right-sided and subjects with left-sided lesions in the basal
ganglia with regard to implicit learning and general reac-
tion-time improvement on two subsequent GROUP
(2) × BLOCK (2) nonparametric analyses. Subjects with
right and left basal ganglia lesions also did not differ with
regard to the explicit knowledge of the repeated sequence
they acquired.

Influence of Basal Ganglia Lesion Size
Basal ganglia lesion size was not significantly related to im-
plicit learning (r = −0.04; P = 0.87) or explicit knowledge
(r = −0.19; P = 0.43). However, lesion size in the basal gan-
glia was significantly related to general reaction-time im-
provement (r = −0.52; P = 0.022). Subjects with larger le-
sions showed less reaction time improvement (see Fig. 4).

Influence of Regional Brain Volumes
Cerebellar volume and volume of the left pre-SMA were
significantly related to sequence-specific implicit learning in
the basal ganglia group. Subjects with larger volumes of the
left pre-SMA (r = 0.56; P = 0.029) and larger cerebellar vol-
umes (r = 0.73; P = 0.002) showed better implicit learning
in the SRTT (see Fig. 4). The volumes of the right pre-SMA
(r = 0.23; P = 0.38) and the right (r = 0.22; P = 0.41) and
left (r = 0.26; P = 0.34) SMA-proper were not significantly
related to sequence-specific implicit learning. Relationships

Figure 3 (A) Mean reaction times across blocks of basal ganglia
subjects and controls in the SRTT. In blocks 1 and 6 the sequence
of stimuli was random (R). Block 2–5, 7, and 8 contained a 12-item
repeating sequence. (B) Mean reaction times across blocks of basal
ganglia subjects with (group 1A) and without (group 1B) frontal
lacunar lesions and control subjects.
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between regional brain volumes and explicit knowledge or
general reaction-time improvement in the basal ganglia
group were all not significant.

DISCUSSION

Summary of Findings
In the present investigation we found that subjects with
focal basal ganglia lesions as a group were as able as healthy
controls to achieve implicit learning of a visuo-motor se-
quence (Fig. 3A). Unlike the control group, however, they
showed no significant general reaction-time improvement
between random blocks. None of the groups acquired ex-
plicit knowledge of the motor sequence above chance
level, demonstrating independence on implicit and explicit
learning processes. Lateralization of lesion had no influence
on implicit learning in the basal ganglia group. Larger le-
sions in the basal ganglia had a deteriorating influence on
subjects’ general proficiency for execution of the reaction-
time task (general reaction-time improvement) but was not
related to sequence-specific implicit learning in the SRTT
(Fig. 4A). Sequence-specific implicit learning in the SRTT
was significantly influenced by cerebellar volume and left
pre-SMA volume in subjects with basal ganglia lesions (Fig.
4B,C). Subjects with additional lacunar frontal lesions in the
basal ganglia group showed no implicit learning in contrast
to basal ganglia subjects without additional frontal lesions
(Fig. 3B).

Implicit Sequence Learning Versus General
Reaction-Time Improvement in Basal
Ganglia Disease
We propose that there are two different processes involved
that lead to reaction-time gains in the SRTT: (1) general
reaction-time improvement that is due to subjects’ growing
proficiency with the requirements of the task independent
of the existence of an embedded sequence and that can be
seen from the difference between random blocks; and (2)
sequence-specific implicit learning indicated by the reac-
tion-time difference between the last sequence block and
the random block. Greater proficiency with the require-
ments of this conditioned response task could be achieved
independent of an underlying sequence as subjects become
more and more fluent in matching the appropriate motor
response to the visual stimuli and in switching between the
four alternative responses (stimulus–response matching).
The existence of a repeated sequence in the stimuli and
responses would allow further reaction-time improvement
owing to anticipatory direction of visual attention and grow-
ing automaticity of motor response chains. These two latter
processes might be involved in sequence-specific implicit
learning.

In our study, the significant negative correlation be-
tween basal ganglia lesion size and reaction-time gains be-

Figure 4 (A) Relationship between lesion size in the basal ganglia
and general RT improvement in the SRTT (r = −0.52; P = 0.022) for
the basal ganglia group. (B) Relationship between volume of the
left pre-SMA and sequence-specific implicit learning in the SRTT
(r = 0.56; P = 0.029; partial correlation coefficient adjusted for to-
tal brain volume) for the basal ganglia group. (C) Relationship be-
tween volume of the cerebellum and sequence-specific implicit
learning in the SRTT (r = 0.73; P = 0.002; partial correlation coef-
ficient adjusted for total brain volume) for the basal ganglia group.
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tween random blocks indicates that the basal ganglia are
mainly involved in those adaptive processes that underlie
general reaction-time improvement independent of specific
sequence learning. This is in line with findings by other
researchers that could show that subjects in the later (bilat-
eral) stages of Parkinson’s disease had difficulties on a ran-
dom version of the SRTT (Laforce and Doyon 2001). Singh
et al. (1993) reported increased cerebral blood flow in the
striatum and thalamus while healthy subjects were execut-
ing a random condition of the SRTT. The tasks used in these
two investigations could figure as models of motor learning
due to pure general reaction-time improvement. The defi-
cits of PD subjects on this task and the increased activity of
the striatum when normal subjects perform the random
SRTT are consistent with a prominent role of the basal gan-
glia in the development of perceptual-motor programs
based on stimulus–response associations.

Our study further showed that deficits in implicit learn-
ing of the embedded sequence were not related to the pres-
ence or size of basal ganglia lesions but were instead related
to regional volumes of the left pre-SMA and the cerebellum.
A subgroup of basal ganglia subjects with additional frontal
lesions showed impaired implicit learning of the visuo-mo-
tor sequence. These results may offer an explanation for the
fact that in our study subjects with focal basal ganglia le-
sions as a whole did not have implicit learning deficits,
whereas in previous studies on subjects with degenerative
basal ganglia diseases (PD or HD), implicit learning deficits
frequently occurred (Knopman and Nissen 1991; Ferraro et
al. 1993; Pascual-Leone et al. 1993; Jackson et al. 1995;
Doyon et al. 1997). In Parkinson’s and Huntington’s disease,
the degenerative nature of both diseases makes it difficult to
determine the extent to which basal ganglia and other brain
structures, especially cortical areas, are affected at the time
of testing. There is evidence from neuropathological studies
that frontal cortical areas get involved early in the disease
process (Kuhl et al. 1982; Vonsattel et al. 1985; Hornyk-
iewicz and Kish 1986; Aylward et al. 1998). Implicit learn-
ing deficits in PD or HD subjects may thus result from the
simultaneous disruption of striatal and frontal circuits.

We could not find evidence for the possibility that bi-
lateral focal lesions of the basal ganglia might interrupt im-
plicit motor learning (cf. Doyon et al. 1997). Two of our
basal ganglia subjects had bilateral lesions; one of these
subjects showed intact implicit learning, and the other sub-
ject, presenting also with lacunar frontal lesions, showed no
signs of implicit learning on the SRTT (cf. Table 2). How-
ever, the data basis of only two subjects is too small to allow
for a general conclusion.

Based on monkey studies, the supplementary motor
area (Passingham 1993) and the most anterior portions of
the caudate and putamen (Miyachi et al. 1997) were shown
to be involved in motor sequence learning. The lesions of
our subjects in all cases involved the head of the caudate

(Table 2), although not in its most anterior part. Therefore,
we are not in the position to analyze whether anterior le-
sions of the striatum interfere with implicit motor sequence
learning.

Role of the Frontal Cortex and Cerebellum
in Implicit Motor Learning
The relationship we found between sequence-specific im-
plicit learning and volume of the left pre-SMA in the basal
ganglia group supports the notion that frontal areas, espe-
cially premotor areas, play an important role in implicit
motor learning. This is the first time that a direct relation-
ship between the size of a frontal area and implicit motor
learning could be shown. We found the same relationship
in schizophrenic subjects: Impaired implicit learning in the
SRTT was related to smaller pre-SMA volumes (C. Exner, K.
Boucsein, D. Degner, and E. Irle, in prep.). This relationship
between size of the pre-SMA and implicit learning is con-
sistent with present neural models of implicit motor learn-
ing. The involvement of sensorimotor and supplementary
motor cortex in implicit motor learning was indicated by
lesion and functional imaging studies (Grafton et al. 1995;
Ackermann et al. 1996; Hazeltine et al. 1997; Grafton et al.
1998; Gomez Beldarrain et al. 1999). There is now a con-
sensus that the SMA may be divided into two cytoarchitec-
tonically and functionally different areas (Rizzolatti et al.
1996). The anterior part of the SMA is known to play a role
in the more complex, planning and decision components of
movements (Marsden et al. 1996). Lesions in this area es-
pecially compromise self-directed (voluntary) sequential ac-
tions in human and nonhuman primates (Halsband et al.
1993; Passingham 1993). PET results indicate that pre-SMA
might especially support the anticipatory preparation of
movements guided by internal cues (Deiber et al. 1991).
The anticipatory direction of visual attention and prepara-
tion of the next expected movement are thought to form
important processes involved in sequence-specific implicit
learning of a visuo-motor sequence. The role of the premo-
tor cortex, especially the anterior supplementary motor
area, in motor sequence learning might thus be seen in the
capacity to use redundancy in the stimulus and response
sequence for the direction of visual attention toward the
next expected stimulus and the preparation of the next
required movement.

Apart from the left pre-SMA volume, the cerebellar vol-
ume of basal ganglia subjects was also significantly related
to sequence-specific implicit learning. Previous studies re-
ported deficiencies of subjects with neurodegenerative cer-
ebellar pathology (Pascual-Leone et al. 1993; Doyon et al.
1997) or focal vascular cerebellar lesions (Molinari et al.
1997; Gomez Beldarrain et al. 1998) in implicit motor learn-
ing of a repeating sequence independent of motor impair-
ment. Functional imaging studies have further confirmed
cerebellar involvement in motor sequence learning (Rauch
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et al. 1995; Doyon et al. 1996). Lesion studies in primates
showed that following bilateral cerebellar lesions, monkeys
failed to acquire reaction-time gains in response to predict-
able visual stimuli. It thus appears that the function of the
cerebellum in motor learning is to prepare responses to
predictable sensory events (Nixon and Passingham 2001).

Conclusions for Network Models of Motor
Sequence Learning
Procedural learning is now modeled as a process supported
by a network of frontal cortical, striatal, and cerebellar areas
(Willingham 1998). Functional imaging studies of implicit
motor sequence learning have further supported the view
that implicit sequence learning is achieved by the interac-
tion of premotor cortical areas, basal ganglia, and cerebel-
lum (Grafton et al. 1995; Rauch et al. 1995; Doyon et al.
1996; Hazeltine et al. 1997; Rauch et al. 1997; Honda et al.
1998). On the basis of our results, one could therefore
speculate that lesions restricted to only one element of this
network are not sufficient to disrupt implicit learning. If
basal ganglia impairment is extended into frontal cortical
areas as was the case in some of our subjects and as will
frequently happen in Parkinson’s disease and Huntington’s
disease, the deficit can no longer be compensated for by the
organisms. Similar effects for the area of declarative learning
have been reported in subjects with ruptured aneurysms of
the anterior communicating artery: memory deficits oc-
curred only in subjects with combined lesions of the stria-
tum and the basal forebrain. Lesions restricted to only one
of these structures did not result in memory impairment
(Irle et al. 1992).

What might be the exact contribution of the premotor
cortex, the basal ganglia, and the cerebellum in such a pro-
posed network is still a matter of conjecture. The present
evidence indicates that whenever movements are per-
formed, planned, or imagined, the basal ganglia facilitate
the required movements to secure smooth running of mo-
tor actions (for review, see Brooks 2000). In serial reaction-
time learning they might support general adjustment to the
new motor requirements of the task via, for example, stimu-
lus–response matching, response selection, and shifting be-
tween alternative response sets. In contrast to the more
general role of the basal ganglia in adapting motor response
learning of specific stimulus associations in sequence-spe-
cific learning, they may chiefly depend on the cortex, that
is, the prefrontal and motor cortex, whose activity underlies
processes of directed visual attention and working memory
(Harrington et al. 2000), and the sensorimotor cortex,
which might be the site for the neural representation of
specific sequential movements (Karni et al. 1998). Leiner et
al. (1991) propose on the basis of the internal organization
of the cerebellum and its anatomical connections that it
may have a general role in promoting adaptive behavior

acting as an adaptive mechanism that can improve different
motor and nonmotor skills.

MATERIALS AND METHODS

Subjects and Study Design

Group 1 (Basal Ganglia)
Twenty subjects with ischemic or hemorrhagic lesions restricted to
the basal ganglia were studied (Table 1). Subjects were identified
by screening the CT- and MRT-results records of the neurological
department of the University of Göttingen (1995–1997). Subjects
older than 70 years, with a mother tongue other than German, or
with a history of psychiatric or other neurological disease were
excluded. Those who matched study criteria (a total of 54 subjects)
were asked for participation, and 17 men and 3 women ranging
from 20 to 68 years of age participated in this study. Subjects were
assessed at least 6 mo after onset of stroke symptoms.

Group 2 (Controls)
The lesioned subjects were compared with 20 healthy control sub-
jects recruited for the study by an advertisement in a local news-
paper and leaflets distributed in the hospital and in town. Only
subjects without a history of psychiatric or neurological disease
were studied. Control subjects were paid for their participation and
matched subjects in group 1 in terms of age, sex, and years of
education.

After complete description of the study to the subjects, in-
formed consent was obtained. The Ethical Committee of the Medi-
cal Faculty of the University of Göttingen had approved of the study
design.

Clinical Investigations
All basal ganglia subjects underwent a neurological examination
that comprised motor, sensory, visual, cerebellar, vestibular, reflex,
and cranial nerve function (see Table 1). Then 16 subjects of the
basal ganglia group and 13 controls received a T1-weighted MR scan
using a 1.5-T Philips Gyroscan machine at the day of the assess-
ment. Two subjects of group 1 could not receive an MR scan be-
cause they had pacemakers. Two subjects of group 1 refused to
have an MR scan performed because of claustrophobia. Lesion
analysis in these 4 subjects was therefore based on CT and MRT
scans that had been performed earlier.

Neuropsychological Assessment
All subjects underwent a comprehensive neuropsychological evalu-
ation. The results are reported in Exner et al. (2001). The two study
groups did not differ with regard to full-scale IQ (WAIS-R: Wechsler
Adult Intelligence Scale–Revised; Table 1).

MRI Acquisition
Subjects of the two study groups received an MR scan using
a 1.5-T Philips Gyroscan machine at the day of the assessment.
The scanning parameters of the T1-weighted three-dimensional
sequence were as follows: echo time (TE) = 6.0 msec; repetition
time (TR) = 24.05; number of excitations (NEX) = 2; flip
angle = 30°; field of view (FOV) = 256; slice plane = sagittal; ma-
trix = 256 × 256; slice thickness = 1–1.3 mm; slice number = 130–
180; acquisition mode = 3D.
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Image Processing
Volumetric analysis was done on the basis of 3D MR images. The
images were transferred to a computer workstation and processed
using the CURRY software (version 4.5; Neurosoft, Inc.). Images
were reformatted into continuous slices of 1-mm thickness. 3D
region growing methods that are limited by gray value (i.e., = cor-
tex) thresholds were used to determine the total brain volume, as
well as the volume of the cerebellum and of the supplementary
motor area (SMA).

Defining Regions of Interests (ROIs)

Cerebellum
The anterior border was defined by a vertical plane at the most
anterior point of the cerebellum. Manual markings were then made
on each coronal slice to separate the cerebellum from supratento-
rial structures, brain stem, and pons.

Supplementary Motor Area (SMA)
See Figure 2B for details of region parcellation. The SMA area was
divided into a rostral (pre-SMA) and a caudal part (SMA-proper) as
described for the human brain by Zilles et al. (1996). We used sulcal
landmarks for the delineation of the boundaries of the SMA when
possible, as sulcal landmarks have the advantage to directly model
the substantial interindividual morphological variability of the hu-
man cerebral cortex (Rademacher et al. 1992). The anterior border
of the pre-SMA was defined by a plane vertical to the AC–PC line
and touching the inner surface of the corpus callosum. A vertical
line passing through the paracentral frontal sulcus (PaCS) defined
the posterior border of the pre-SMA and the anterior border of the
SMA-proper. The PaCS is defined as the sulcus on the medial cor-
tical surface being situated nearest and posterior to a vertical line
that passes through the anterior commissure (Crespo-Facorro et al.
1999). The posterior border of the SMA-proper was defined by a
vertical line passing through the medial part of the precentral sul-
cus (PCS).

It is difficult to define the boundaries of the SMA on the lateral
surface of the superior frontal gyrus. Therefore, manual markings
were made on coronal slices by drawing a straight line from the
superior frontal sulcus to the cingulate sulcus. The resulting vol-
ume includes pre-SMA (BA 6a�), SMA-proper (BA 6a�), small as-
pects of the laterally adjacent premotor cortex (lateral BA 6a�), as
well as anterior (BA 24c) and posterior (BA 24b) cingulate motor
areas (Zilles et al. 1996).

Lesion Analysis and Lesion Groups
Lesion analysis was also done on the basis of 3D MR images. Lesion
territories of basal ganglia lesions were localized by E.I., who was
unaware of the results of the behavioral assessments using the atlas
of Mai et al. (1997). Lesion areas were mapped onto appropriate
templates, and involvement of basal ganglia subregions was as-
sessed. Areas covered by the lesion were calculated in each slice
using a standard grid; areas were summed across slices and multi-
plied by slice thickness, resulting in approximate lesion volume.

Lesion analysis confirmed lesions in the basal ganglia in all 20
subjects (see Table 2 for details and Fig. 1 for an example). Seven
subjects also demonstrated lacunar lesions in frontal motor areas
(Brodman areas 4 and 6 including the supplementary motor area).
The basal ganglia group was therefore divided into two subgroups:
group 1A contained subjects with lacunar lesions in frontal motor
areas (see Fig. 2A), and group 1B contained subjects without such
lesions.

Reliability of Lesion Analysis and
Volumetric Measures
All analyses were done blind to subjects‘ test performance. Re-test
reliability was established for basal ganglia lesion mapping. Re-test
reliability was 0.86 with regard to size of lesion.

Parcellations of the SMA as well as estimation of cortex thresh-
olds were done by a well-trained rater (E.I.). For defining the in-
trarater reliability, one hemisphere of 11 randomly chosen cases
was reassessed by the analyst (E.I.). The intraclass correlation co-
efficient for this procedure was r = 0.97.

Serial Reaction Time Task (SRTT)

Stimuli and Apparatus
We used a variation of the serial reaction-time test designed by
Nissen and Bullemer (1987). An asterisk appeared in one of four
positions that were horizontally spaced on a computer screen and
permanently marked by dots. The subjects were instructed to press
the key corresponding to the position of the asterisks as fast as
possible using their middle and index fingers of right and left
hands. The response-to-stimulus interval was 300 msec. The test
consisted of 8 blocks of 120 trials. In blocks 1 and 6, the sequence
of asterisks followed a pseudorandom order in the way that aster-
isks were presented equally frequent in each position and never in
the same position on two subsequent trials. In blocks 2 to 5, the
same 12-trials sequence of asterisk positions repeated itself 10
times (abadbcdacbdc). Blocks 7 and 8 again contained the se-
quence to prevent interference with the random series before sub-
jects’ explicit knowledge was tested. After performing the reaction-
time task, subjects were told that there had been a fixed sequence
of asterisk positions and were submitted to a free generation task.
We asked subjects to reproduce the sequence by pressing the but-
tons in the same order as they thought they did before (manual
recall). The task ended after 60 self-generated trials.

Data Analysis
Incorrect responses and reaction times of <200 msec or >3000
msec or those that were above 3 standard deviations of the indi-
vidual subject’s mean response time were discarded (mean dis-
carded trials in the basal ganglia group: 4.1%; in the control group:
4.6%). The only measure analyzed was reaction time because the
number of errors made by the subjects was negligible and did not
follow a special pattern across blocks of trials. Mean reaction times
were calculated for each block of trials. Subjects’ performance in
the task was characterized by the following variables:

1. The reaction time difference between block 6 and block 5 was
regarded the dependent variable of sequence-specific implicit
learning.

2. The difference between the random blocks 1 and 6 was an
indicant of general reaction-time improvement independent of
sequence-specific learning.

3. Subjects’ explicit knowledge of the repeating sequence was
judged from subjects’ responses in the free generation task. To
prove whether subjects’ inputs in this free generation task re-
flected true explicit knowledge of the repeating sequence, the
random level had to be determined. For this, 15 volunteers who
had not performed the SRTT were asked to randomly press the
four response keys 60 times, producing whatever sequences
they wanted. These random sequences were then compared to
the repeating sequences that were used in the SRTT, yielding a
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random level to which the explicit knowledge scores of the
study groups could be compared.

Statistical Analysis
Statistical computations were based on scaled scores (WAIS-R) or
raw scores. One-way ANOVAs and t-Tests were applied where ap-
propriate to compare differences between groups. We used non-
parametric tests to analyze data in case of unequal variances or
small subject numbers. Multivariate comparisons were performed
using a nonparametric version of the classical mixed model (Akritas
and Brunner 1997). Frequencies were compared using the �2 test
or Fisher’s exact test in case of expected frequencies below 5.
Partial correlations were calculated to examine the relationship
between anatomical variables (size of lesions and regional volumes)
and measures of implicit learning, controlling for total brain vol-
ume. All statistical comparisons were performed using the Statisti-
cal Package for the Social Sciences (SPSS for Windows, Version
9.0).
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